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Available online 8 July 2013The components and contents of high-molecular-weight glutenin subunits (HMW-GS) in
wheat grains affect glutenin macropolymer (GMP) size, which is considered an important
flour quality trait in wheat. Four wheat cultivars (Shiluan 02-1, Yannong 24, Jinan 17 and
Lumai 21) with different end-use qualities were used to investigate the HMW-GS and GMP
contents, and the GMP particle distributions in grain produced under irrigated and rainfed
conditions. The percent volume of GMPparticles and the contents of HMW-GS andGMPwere
affected by genotype and soil water. Genotype × soil water interaction was significant only
for GMP particles <12 μm and >100 μm in the growing season of 2010–2011. Irrigated and
rainfed conditions had different influences on the GMP particle distribution in the four
cultivars. Compared to irrigated treatment, the rainfed treatment had higher accumulations
of HMW-GS and GMP, especially in cultivars Yannong 24, Jinan 17 and Lumai 21. Rainfed
conditions also increased the proportion of large size particles of GMP, indicating that
different water regimes had an effect on grain quality. According to correlation coefficients
(r), the contents of HMW-GS and GMP in grains were negatively correlated with the volume
of <12 μm GMP particles, but positively correlated with GMP particles >100 μm.
© 2013 Production and hosting by Elsevier B.V. on behalf of Crop Science Society of China and
Institute of Crop Science, CAAS.Keywords:
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Wheat (Triticum aestivum L.) is the most widely consumed food
crop in the world, being processed to give a range of breads,
other baked goods, pasta, and noodles. In wheat, glutenin
macropolymers (GMP) are a major component of the grain and
an important factor affecting the processing quality of wheatang).
ence Society of China and
tion and hosting by Elsevie[1]. Previous studies demonstrated that the amount of GMP in
wheat flour correlates closely with baking quality [2,3]. Besides
GMP content, GMP particle size and distribution are important in
wheat bread-making quality [4]. Evidence indicates that GMP
particle size strongly correlateswith doughdevelopment time [5].
GMP consist of high molecular weight glutenin subunits
(HMW-GS) linked with low molecular weight glutenin subunitsInstitute of Crop Science, CAAS.
r B.V. on behalf of Crop Science Society of China and Institute of Crop
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important role in determining the glutenin protein network
structure [5], and LMW-GS may also have a specific effect on
glutenin aggregation [4]. GMP consisting of a higher ratio of
HMW-GS to LMW-GS is correlated with improved wheat flour
quality [7]. Therefore, subunit composition and GMP character-
istics determine the rheological properties of wheat dough, and
a close correlation between GMP characteristics and end-use
quality has been shown.
HMW-GS are encoded by polymorphic genes at the Glu-1
loci on the long arms of group 1 chromosomes. Hexaploid
wheat usually contains 3–5 subunits, zero or one encoded by
Glu-A1, one or two by Glu-B1 and two by Glu-D1 [8].
The content and size distribution of GMP in wheat grains are
both genetically and environmentally controlled. Drought pro-
motes HMW-GS accumulation in the early grain filling stage,
whereas the opposite effect occurs at late grain filling [9].
Increasing N fertilizer increases the proportion of GMP in wheat
flour [10]. Clay soil results in the accumulation of HMW-GS and
GMP when compared to loam soil and sandy soil [11]. When
under high temperature stress during the kernel filling period,
the contents of particular Glu-D1HMW-GS inweak-glutenwheat
are muchmore sensitive than that in strong-gluten wheat [12].
In recent years, frequent soil water stress in northern China
has influenced both drymatter production and quality of wheat
[13]. Increased N levels promoted the accumulation of HMW
and LMW-GS, GMP content and proportion of larger GMP
particles under irrigated conditions. Under rainfed conditions,
increased N fertilizer also increased protein content [14]. Both
dough development time and dough stability timewere longest
with a single post-anthesis irrigation, whereas a second
irrigation led to shortened dough development and dough
stability times and weakened gluten strength, as well as a
decreased glutenin polymerization index and average sized
GMP [15]. However, information about the impact of different
irrigation patterns on accumulations of GMP in wheat grain is
still limited.
Although numerous studies have been conducted on size
distribution and properties of GMP particles in wheat grains,
there is limited information about the size distribution of
different quality types of wheat under irrigated and rainfed
conditions. The objective of thepresent studywas to investigate
differences thatmay occur in GMP accumulation in field-grown
wheat cultivars under irrigated and rainfed regimes. HMW-GS
and GMP contents and GMP particle distributions in four wheat
cultivars were therefore investigated.2. Materials and methods
The experimentwas conductedon the experimental farmof the
Research Institute of Agricultural Science (37°N, 116°E), Dezhou,
China. Four recently released winter wheat cultivars with
different end-use qualities were used. They were Shiluan 02-1
(HMW-GS 1Ax1, 1Bx7 + 1By9, 1Dx5 + 1Dy10) and Jinan 17 (1Ax1,
1Bx7 + 1By8, 1Dx4 + 1Dy12) with strong gluten strength,
Yannong 24 (1Ax1, 1Bx7 + 1By8, 1Dx5 + 1Dy10) with medium
gluten strength, Lumai 21 (1Ax1, 1Bx7 + 1By8, 1Dx5 + 1Dy10)
with weak gluten strength. Shiluan 02-1, Yannong 24, and
Lumai 21, were used in the growing season of 2010–2011. The0–20 cm soil layer contained 83.6 mg kg−1 of available nitrogen,
18.2 mg kg−1 of available phosphate and 95.2 mg kg−1 of
available potassium. Wheat cultivars Jinan 17 and Lumai 21
were used in the 2009–2010 growing season when the soil
contained available nitrogen-phosphate-potassiumat 81.5, 17.6
and 93.6 mg kg−1, respectively. Two contrasting water regimes
(irrigated and rainfed) were used. The irrigated treatment was
two irrigations with the total water amount of 1500 m3 ha−1
over the whole growth period (750 m3 ha−1 each at jointing and
booting stages, respectively), whereas the rainfed treatment
had no irrigation. The moisture content in soil after anthesis is
shown in Fig. 1. The experiment was a complete randomized
block design with three replicates. Plot dimension was
3 m × 3 m. Plantswere sown on 12October 2010 and 15October
2009, respectively, at a density of 180 seeds m−2. Normal crop
farming practices were implemented to minimize pest, disease
and weed incidence. After full heading, spikes flowering on the
same date were labeled with thread. At maturity (14 June 2011
and 15 June 2010, respectively), the labeled headswere sampled
and used to determine the GMP particle distributions. GMP and
HMW-GS contents were also determined.
The content of GMP was analyzed as follows: 0.05 g of flour
was dispersed into and mixed with 1 mL of SDS and then
centrifuged at 15,500 ×g for 15 min using an Allegra X-64R
centrifuge (Beckman, San Francisco, CA, USA) and the superna-
tant was retained. Glutenin macropolymer content was mea-
sured using TU-1901 dual-wavelength spectrophotometer
(Persee Instruments, Beijing, China). Glutenin macropolymer
content was calculated using a set of Kjeldahl protein values.
Glutenin macropolymer-gel was isolated by dispersing 1.4 g
of defatted flour in 0.05 mol L−1 SDS (pasteurized, 28 mL) and
then centrifuged at 80,000 ×g for 30 min at 20 °C using a
Beckman L-60 ultracentrifuge (Beckman, San Francisco, CA,
USA) asdescribed [16]. TheGMPgel-layerwas collected from the
top of the supernatant.
For Coulter laser particle size analysis, 1 g of GMP-gel was
added to 8 mL of 0.05 mol L−1 SDS solvent. The tube was sealed
and placed on a roller-bank for 3 h at room temperature and
analyzed with a Coulter Laser LS13320 (Beckman Coulter
Instruments, San Francisco, CA, USA). The GMP surface area
distribution and volume distribution were measured and
calculated from the resulting pattern.
Quantification of HMW-GS was performed according to the
followingmethod [17]. In brief, HMW-GSwere first separated by
SDS-polyacrylate gel electrophoresis (SDS-PAGE) according to
Khan et al. [18]. A 40 mg grain sample was defatted with
chloroform and then mixed with 1 mL of extraction buffer
containing 62.5 mmol L−1 Tris–HCl (pH 6.8), 50% isopropyl
alcohol, 5% SDS and 1% DTT. The mixture was incubated at
room temperature for 30 min with continuous shaking, and
then at 60 °C for 1 h, followed by centrifugation at 10,000 ×g for
15 min. The supernatant was used for SDS-PAGE.
The SDS-PAGE gel was 16 cm × 16 cm and 1 mm thick. The
acrylamide concentration in the resolving gel was 10% and 4%
in the stacking gel. Glutenin extract (20 μL) was loaded in each
lane. After electrophoresis, the gel was stained with 0.05%
Coomassie Brilliant Blue B250 for 24 h, and then destained in
distilled water for 48 h. Thereafter, each band was separately
cut from the gel, placed in an Eppendorf tube and depending
on the intensity of each band, 1 mL of 50% isopropyl alcohol
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Fig. 1 – Soil water content (%) after anthesis.▲ Irrigated in 2009–2010, ● Irrigated in 2010–2011, 4 Rainfed in 2009–2010,
○ Rainfed in 2010–2011.
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incubated at 37 °C for 24 h until the gel cleared. The extraction
was then monitored at 595 nm with a UV-2401 Shimadzu
spectrophotometer (Shimadzu Corporation, Kyoto, Japan).
Analysis of variance was performed with the SPSS statis-
tical analysis package. The statistical model included sources
of variation due to genotype, soil water, and genotype × soil
water interaction. Data from each sampling date were
analyzed separately. Duncan's New Multiple Range Test was
employed to assess differences between the treatment
means at P = 0.05. General correlation coefficients were
calculated between GMP size distribution and contents of
GMP and HMW-GS.3. Results
Analysis of variance for the percent volume of GMP particles,
HMW-GS content and GMP content made it possible to identify
the sources of variation (Table 1). Genotype and soil watermain
effects were significant for these traits except the influence of
soil water on the GMP particles of 12–100 μm in 2010–2011.
However, genotype × soil water interaction only affected theTable 1 –Mean squares for treatments and interactions for per
and GMP in the seasons 2010–2011 (ANOVA 1) and 2009–2010 (
ANOVA Source of
variation
df Diameter of G
<12 1
1 Genotype (G) 2 67.74 ⁎⁎ 5
Soil water (S) 1 106.58 ⁎⁎
G × S 2 6.98 ⁎⁎
Error 10 0.38
2 Genotype (G) 1 72.03 ⁎⁎ 2
Soil water (S) 1 12.00 ⁎ 1
G × S 1 0.48
Error 6 1.10
⁎ P < 0.05.
⁎⁎ P < 0.01.GMP particles of <12 μm and >100 μm in 2010–2011. This
indicated that the interaction was a complicated network.
The contents of total HMW-GS in the four wheat cultivars
were ordered as follows: Shiluan 02-1 > Yannong 24 > Lumai
21 in 2010–2011 and Jinan 17 > Lumai 21 in 2009–2010 (Fig. 2).
Under the rainfed regime, the contents of total HMW-GS
increased in all four wheat cultivars. Compared with the
irrigated regime, the rainfed regime increased the content of
HMW-GS in cultivar Shiluan 02-1 by 3.2%, Jinan 17 by 16.8%
(P < 0.05), Yannong 24 by 18.5% (P < 0.05) and Lumai 21 by
17.0% (P < 0.05) in 2009–2010 and 21.8% (P < 0.05) in 2010–2011,
respectively. This indicated that rainfed conditions increased
the content of total HMW-GS in wheat grains, especially in the
medium and weak gluten genotypes.
At maturity, cultivars Shiluan 02-1 and Jinan 17 had higher
contents of GMP than Yannong 24 and Lumai 21 under both
water treatments (Fig. 3), indicating that more glutenin was
accumulated in the strong gluten genotype than in themedium
and weak gluten cultivars. The contents of GMP in the four
cultivars showed increasing trends under rainfed conditions
with increases of 3.1%, 9.3% (P < 0.05), 10.0% (P < 0.05) and
13.8%–18.7% (P < 0.05) in Shiluan 02-1, Jinan 17, Yannong 24 and
Lumai 21, respectively.cent volume of GMP particles and the contents of HMW-GS
ANOVA 2).
MP particles (μm) HMW-GS
content
GMP content
2–100 >100
9.44 ⁎⁎ 249.19 ⁎⁎ 1.45 ⁎⁎ 0.65 ⁎⁎
1.81 80.65 ⁎⁎ 0.26 ⁎⁎ 0.21 ⁎⁎
2.50 10.39 ⁎⁎ 0.03 0.03
0.70 0.56 0.01 0.01
3.52 ⁎⁎ 177.87 ⁎⁎ 0.84 ⁎⁎ 0.44 ⁎⁎
7.28 ⁎⁎ 58.08 ⁎⁎ 0.28 ⁎⁎ 0.18 ⁎⁎
3.63 1.47 0.01 0.01
1.15 0.90 0.02 0.01
Jinan 17 Lumai 21
0
1
2
3
Cultivars
 Irrigated in 2009-2010
 Rainfed in 2009-2010
Shiluan 02-1 Yannong 24 Lumai 21
0
1
2
3
Cultivars
 Irrigated in 2010-2011
 Rainfed in 2010-2011
H
M
W
-
G
S 
co
nt
en
t (µ
g 
m
g-
1 )
Fig. 2 – Effect of water treatments on HMW-GS content.
87T H E C R O P J O U R N A L 1 ( 2 0 1 3 ) 8 4 – 8 9In the four cultivars, the percent volumes of GMP particles
with diameters <12, 12–100 and >100 μmmadeup 15.3%–26.1%,
47.5%–54.3% and 19.6%–36.2% of the total GMP particles,
respectively (Table 2). Under rainfed conditions, the percent
volume of particles >100 μm in the four cultivars increased
when compared with irrigation, indicating that the rainfed
water treatment increased volume percentages of larger
particles.
Irrigated and rainfed conditions have different influences
on the percent surface area of GMP particles in the four wheat
cultivars (Table 3). Compared with irrigation, the percent
surface area of >100 μm particles in cultivars Shiluan 02-1,
Jinan 17, Yannong 24 and Lumai 21 under rainfed conditions
increased by 3.3, 12.0, 20.8 and 17.6%–50.0%, respectively,
indicating that the lower soil moisture promoted increases in
the surface areas of large particles in the four wheat cultivars.
The relationships between GMP size distribution and the
contents of GMP and HMW-GS are given in Table 4. The GMP
and HMW-GS contents were negatively correlated with the
percent volume of <12 μm GMP particles (r = −0.756, P < 0.05;Shiluan 02-1 Yannong 24 Lumai 21
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Fig. 3 – Effect of water treatr = −0.718, P < 0.05), but positively correlated to that of >100 μm
(r = 0.825, P < 0.05; r = 0.806, P < 0.05). The result suggested that
the large GMP particles have high GMP content.4. Discussion
Analysis of variance showed that genotypes and water treat-
ments significantly affected the size distribution of GMP
particles and the contents of HMW-GS and GMP. This infers
that water regime has a strong effect on those traits in wheat
grains. In the present study, the percent volume and surface
area of large particles (>100 μm) under rainfed conditions
increased when compared with irrigated conditions, indicating
that the different water treatments led to an evident change in
the distribution of GMP particles.
GMP consists of spherical glutenin particles and originates
from protein bodies in developing grain [19]. It was suggested
that protein bodies are the building blocks for the formation of
much larger glutenin particles formed during the desiccationJinan 17 Lumai 21
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ments on GMP content.
Table 2 – Volume distribution of GMP in wheat grains (%).
Year Cultivar Moisture
status
Diameter of GMP particles
<12 μm 12–100 μm <100 μm >100 μm
2010–2011 Shiluan 02-1 Rainfed 15.3 e 48.5 bc 63.8 e 36.2 a
Irrigated 17.7 d 47.5 d 65.2 d 34.8 b
Yannong 24 Rainfed 16.2 de 49.9 b 66.1 d 33.9 b
Irrigated 22.6 b 48.2 bc 70.8 c 29.2 c
Lumai 21 Rainfed 20.3 c 53.5 a 73.8 b 26.2 d
Irrigated 26.1 a 54.3 a 80.4 a 19.6 e
2009–2010 Jinan 17 Rainfed 18.2 d 47.5 c 65.7 d 34.3 a
Irrigated 20.6 c 48.8 bc 69.4 c 30.6 b
Lumai 21 Rainfed 23.5 b 49.2 b 72.7 b 27.3 c
Irrigated 25.1 a 52.7 a 77.8 a 22.2 d
Data are means of three replicates. Values within columns followed by different letters are significantly different at P = 0.05.
88 T H E C R O P J O U R N A L 1 ( 2 0 1 3 ) 8 4 – 8 9phase of kernel development [20]. A close correlationwas found
between the accumulation of GMP and the rapid loss of water
during desiccation [21]. Premature desiccation of the grain
induces SDS-insoluble polymer formation, and the percentage
of SDS-insoluble polymers as a proportion of total polymers can
increase from less than 10% at the end of kernel ripening to 50%
in as few as 10 days. In the present study, the percent volume
and surface area of large GMPparticles under rainfed conditions
weremarkedly increased, suggesting that lower soil moisture is
probably beneficial to the desiccation of the grains and thus
promotes the formation of large GMP particles. This was also
reported by Li et al. [14], who confirmed that rainfed conditions
enhance the formation of large GMP particles relative to small
ones, resulting in higher GMP volumes and surface area
distributions in the wheat grains.
Our data showed that rainfed conditions improved the
HMW-GS content and was favorable to the accumulation of
GMP large particles, and there was a significant positive
correlation between HMW-GS content and percent volume of
GMP particles >100 μm (Table 4). It may be concluded that
rainfed conditions promote the formation of large GMP particles
through enhanced accumulation of HMW-GS. It also confirmed
the results of Zhu and Khan [22] showing that environment
significantly affected the percentages of total HMW glutenin
subunits and individual HMW glutenin subunits from both
SDS-soluble and SDS-insoluble glutenin polymers, which in turnTable 3 – Surface area distribution of GMP in wheat grains (%).
Growing
season
Cultivar Moisture
status
<12 μ
2010–2011 Shiluan 02-1 Rainfed 74.3
Irrigated 75.8
Yannong 24 Rainfed 74.1
Irrigated 79.6
Lumai 21 Rainfed 77.8
Irrigated 85.8
2009–2010 Jinan 17 Rainfed 76.3
Irrigated 78.1
Lumai 21 Rainfed 83.2
Irrigated 85.5
Data are means of three replicates. Values within columns followed by daffected the size distribution of glutenin polymers. The results
indicate that the water regime affected the formation of GMP
aggregates by increasing the concentration of HMW-GS.
The content of HMW-GS and GMP, and GMP particle size in
cultivars Jinan 17, Yannong 24 and Lumai 21, were increased
under rainfed conditions, but the increase in the strong gluten
wheat Shiluan 02-1was less than in the others. Previous studies
showed that the subunit pair 1Bx7 + 1By8wasmore sensitive to
N application and water deficit [14,23]. Butow et al. proposed
that the 643 bp insertion in the DNA matrix attachment region
of 1Bx7 alleles increased transcriptional efficiency [24]. This
indicates that the subunit components in genotypes may be
responsible for the different responses to water treatments.
Shiluan 02-1 contained HMW-GS 1Bx7 + 1By9, whereas other
wheat cultivars contained 1Bx7 + 1By8. As a result, Shiluan 02-1
was probably less affected by environmental factors than other
genotypes.
Compared to irrigated treatment, the rainfed treatment
promoted the accumulation of HMW-GS, and increased the
proportion of large-size particles of GMP in wheat grains.
However, the lower soil moisture also resulted in an apparent
reduction in grain yield (data not shown). This is consistentwith
previous studies that reduced wheat yield under water stress
conditions was mainly due to reduction in starch accumulation
[25]. To manage wheat yield and quality, water treatment
should be one of the important factors to be considered.Diameter of GMP particles
m 12–100 μm <100 μm >100 μm
e 22.6 a 96.9 e 3.1 a
d 21.2 ab 97.0 de 3.0 ab
e 23.0 a 97.1 d 2.9 ab
b 18.0 c 97.6 c 2.4 c
c 20.4 b 98.2 b 1.8 d
a 13.0 d 98.8 a 1.2 e
d 20.9 a 97.2 d 2.8 a
c 19.4 ab 97.5 c 2.5 b
b 14.8 c 98.0 b 2.0 c
a 12.8 d 98.3 a 1.7 d
ifferent letters are significantly different at P = 0.05.
Table 4 – Correlation coefficients between GMP particle
volume and contents of GMP and HMW-GS.
Quality trait Diameter of GMP particles
<12 μm 12–100 μm >100 μm
GMP content −0.756 ⁎ −0.441 0.825 ⁎
HMW-GS content −0.718 ⁎ −0.502 0.806 ⁎
⁎ P < 0.05.
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Wheat grain produced under rainfed conditions had higher
accumulations of HMW-GS and GMP, and also increased
percent volumes and surface areas of large GMP particles,
especially in cultivars Yannong 24, Jinan 17 and Lumai 21. This
indicates that grain quality was affected by different water
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